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ABSTRACT
Amphoteric collectors may be of considerable interest in 
the area of froth flotation because they combine in the same 
molecule positive and negative functional groups. Such 
structure in a collector molecule would indicate that unusual 
characteristics and interesting results are probable while 
these substances are in contact with mineral surfaces in 
aqueous environments.
These surfactants are little known and the technical 
literature does not appear to contain any pertinent informa­
tion as to their application to flotation; the present paper 
is intended to remedy in part this situation.
The flotation response of quartz, alumina, and hematite 
in amphoteric collector solutions was investigated. Micro­
flotation techniques were applied to the collection of the 
three pure minerals in 2 X 10-  ̂M solutions of three ampho­
teric agents with the trade names Deriphat 151, 154, and 160C. 
The range of collection was from pH 2-11. The electrokinetic 
properties of the minerals, which have a great effect on flo­
tation behavior, were also studied. Additional tests using 
combinations of amphoteric surfactants and other cationic 
and anionic collectors, plus large scale floats, were carried 
out also.
Results indicate that these amphoterics do indeed pro­
vide good collection, especially in the isoelectric range of 
the surfactants, but that selectivity was very difficult to
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obtain. Recovery ranged from 0% to 93.6%, and was consider­
ably higher in acid media than in alkaline. The shape of the 
recovery curves gave an indication that for certain pH values 
a high degree of selectivity was possible, but other unknown 
or untested factors rendered this expectation invalid.
While this presentation is primarily confined to report­
ing the data obtained and some of the more immediate conclu­
sions, it is apparent that the results, in combination with 
those of other studies and with further testing of amphoteric 
surfactants in flotation, promise to provide a basis for a 
critical evaluation of the application of these collectors.
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INTRODUCTION
Research on the flotation and recovery of minerals is of 
the utmost importance not only from the standpoint of further­
ing and confirming theories of flotation but also to indus­
trial flotation processes. The insoluble oxides fit into 
this scheme because they are either the principal constituent
of value in an ore, or they make up much of the gangue.
(1-10)
The investigations into the flotation of quartz ,
(11-20) (21,22)
hematite , and alumina are numerous. Each of
these minerals exhibits a specific electrokinetic behavior in
pure aqueous and collector media, and this can be utilized in
an investigation into their amenability to flotation. Organic
ions are adsorbed as counter ions by insoluble oxides mainly
because of electrochemical forces existing at the interfaces.
Therefore flotation of such minerals without activation should
be appreciable when the mineral surface and the collector are
oppositely charged. Activation has been used to yield a
(1-3,5,7,10,23-28)
floatable surface on these minerals . In
conventional flotation systems, if an organic compound ionizes 
to form an anion it should be a collector for basic oxides, 
which in this case would be alumina and hematite. Positive 
collector ions are required to collect acidics, such as quartz.
Flotation collectors, even in the most recent technical 
literature, are divided into three classes: [1] anionic, [2] 
cationic, and [3] nonionic. Such classification is based upon 
the behavior and the ability of collectors to ionize in water
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solutions. The amphoteric surfactants offer the advantage of 
having both an anionic and a cationic functional group in the 
same molecule, and they can exhibit the electrical charge 
characteristics of both groups at the same time in a specific 
pH range, termed the isoelectric range. By definition, an 
amphoteric compound is one which can donate or accept a pro­
ton, depending on whether or not such a compound is present 
in an acid or basic environment. In froth flotation, ampho­
teric collectors may be employed in aqueous solutions over 
the range of pH from 2.0 to 12.0 and thus they can show app­
reciable anionic or cationic properties or alternatively the 
electrically neutral dipolar form.
Each mineral or solid particle, when submerged in water,
exhibits a specific electrical charge. This electrical charge
can vary noticeably with the alteration of pH, especially
with the insoluble oxides used in this study, since H+ and
OH" can be considered potential-determining ions for these 
(3,4,15,21,29-31)
oxides . The charge also undergoes changes
with the addition of activators and depressants, as well as 
with the adsorption of collecting agents. The correlation 
between the isoelectric point of amphoteric surfactant solu­
tions in contact with minerals and floatability, as well as 
the overall change of electrical charges on the oxide sur­
faces, were all of interest.
While the pH of the solution remains in the isoelectric 
range, the amphoteric partly resembles a nonionic reagent in 
properties. However, it should be made very clear that where—
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as the net charge on the molecule is essentially zero, the 
dipolar charges may be very high. Therefore in contact with 
charged mineral surfaces, there is a tendency for the collec­
tor to equalize charges by redistribution. So the adsorption 
of amphoteric surfactants in the isoelectric range can be 
much greater than adsorption outside this area. Evidently 
completely unexpected results using these collectors are thus 
possible, as is ratified by the data. Insight into all these 
areas is the object of this thesis.
MINERAL, SURFACE, AND COLLECTOR PROPERTIES 
(32,33)
MINERAL PROPERTIES
Two of the oxides investigated were prepared from natu­
ral crystal specimens, while the other was a commercially 
produced compound. The fundamental occurrences and properties 
will be outlined below.
Artificial corundum, aluminum oxide, is now being made 
from bauxite on a large scale. It is widely used as an abra­
sive and is replacing natural corundum for this purpose.
Natural corundum is hexagonal and occurs as large barrel­
shaped crystals, ruby, sapphire, and emery. It has a hardness 
of 9, a specific gravity of 3.9-4.1 and the usual contaminants 
are iron oxides, chromium, and titanium.
The aluminum oxide that was used in this study was supp­
lied by the J.T. Baker Company. Preparation consisted of 
Y
screening the material on a 325 mesh Tyler screen; the over­
size, which was 100% -65 mesh, was used in the flotation tests; 
the undersize was employed in the electrokinetic determina­
tions and x-ray analysis. The point of zero charge (PZC) of 
the alumina was pH 9.0 in distilled, deionized water after 
one day aging.
Hematite, Fe203, occurs often as large tabular crystals 
with a metallic or splendent luster. This variety is usually 
steel gray or iron black in color, has a hardness of 5.5—6.5, 
a specific gravity of 4.9-5.3, and a hexagonal crystal struc­
ture similar to that of alumina. Hematite is the most impor­
tant iron ore mineral. It occurs in independent deposits,
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sometimes of great extent, as an accessory mineral in many ig­
neous rocks, in cracks and crevices, as an inclusion in many 
minerals, as a sublimation product in lavas, and sometimes as 
the result of contact metamorphism.
The specular hematite that was tested was a highly pure 
sample from Brazil. The sample was ground and pulverized in 
an agate mortar and pestle, screened on a 325 mesh screen, 
and the sizes were separated for individual use. The 100%
-65 +325 mesh fraction was saved and used in the flotation 
study; the -325 mesh material was later investigated to ascer­
tain the purity and the PZC of the hematite specimen. The 
PZC occurred at pH 6.7 in distilled, deionized water after 
one day aging time.
Quartz, SiC>2 , is extremely common and occurs in many 
varieties. The crystal structure is hexagonal. It has a 
hardness of 7, a specific gravity of 2.65, a vitreous luster, 
and can appear transparent or opaque. Quartz comes in all 
colors and is classified into three groups as [1] crystalline, 
[2] cryptocrystalline, and [3] clastic; all the varieties in 
these groups are too numerous to mention here. The uses for 
this abundant material are extensive.
Quartz prepared for study was high-grade Brazilian cry­
stals. These were ground and pulverized to a powder in an 
agate mortar and pestle, screened at 325 mesh, and separated. 
The oversize was cleaned with hot, dilute hydrochloric acid, 
and then thoroughly washed with deionized water, dried, and 
stored in a closed container until the flotation tests were
conducted. The undersize was similarly cleaned and stored; 
this was eventually used in the x-ray analysis and electro­
phoretic mobility tests. The PZC of the sample was 2.4 in 
deionized water with one day aging time.
To insure that the samples of each mineral were pure, 
further analysis was made by x-ray diffraction. The d spac- 
ings determined are shown in Tables I, II, and III along with 
the standard values. This data confirms that the mineral 




d Spacings of Alumina
SAMPLE I/Iq ASTM 10-173 I/I,3.48 67 3.48 75
2.55 95 2.55 90
2.38 42 2.38 40
2.09 100 2.08 100
1.74 42 1.74 45
1.60 83 1.60 80
1.51 10 1.51 7
1.40 31 1.40 30
1.37 48 1.37 50
1.24 14 1.24 15
1.23 12 1.23 7
1.19 5 1.19 7
1.15 4 1.15 5
1.12 5 1.12 5
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TABLE II
d Spacings of Hematite
SAMPLE
3.69 W Q56 ASTM 13-534 3.66
I/I
252.70 65 2.69 502.52 100 2.51 1002.10 35 2.20 301.84 47 1.84 401.70 38 1.69 601.49 35 1.48 351.46 65 1.45 351.45 50 1.45 35
TABLE III
d Spacings of Quartz
SAMPLE W Q ASTM 5-490 I/I4.27 42 4.26 35
3.35 100 3.34 100
2.46 12 2.46 12
2.29 9 2.28 12
2.24 7 2.24 6
2.13 10 2.13 9
1.98 8 1.98 6
1.82 18 1.82 17
1.67 5 1.67 7
1.66 3 1.66 3
1.54 14 1.54 15
1.45 1 1.45 3
1.38 8 1.38 7
1.37 16 1.37 11
1.29 1 1.29 3
1.26 4 1.26 4
1.23 4 1.23 2
1.20 4 1.20 5
1.19 5 1.18 4
1.18 8 1.18 4
1.18 4 1.18 4
1.15 4 1.15 2
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SURFACE PROPERTIES
The surfaces of quartz, hematite, and alumina have been 
(3,4,5,15,18,21,29,30,31,36)
studied thoroughly and much of
what is contained in these investigations is explained below.
Electrokinetic properties are related to the flotation 
behavior of oxide minerals. The interfacial electrical con­
dition is strongly dependent on pH: 0= (surf) + H20±^: 20H- (soln). 
In the presence of a collector, this interfacial electrical 
condition is one item that controls floatability.
Basically, the surface charge on a solid in solution 
plus the counter ions next to the surface for electroneutral­
ity constitute the electrical double layer. Counter ions 
next to the surface (Stern layer) are strongly held through 
coulombic, chemical, or van der Waals forces through associa­
tions of hydrocarbon chains, whereas the remainder of the coun­
ter ions are weakly held by electrical forces and make up the
(21)
diffuse layer extending out into the liquid . Two elec­
trical potentials are important in the system: [1] the surface 
or total double layer potential, and [2] the zeta potential 
which is the potential at the plane of shear between mineral 
particles and aqueous solution. The ions which give rise to 
surface charge are called potential-determining ions (PDI's). 
The PDI's for the minerals in this project can be considered 
as H+ and OH-, since these ions pass through the interface 
and establish charge. Therefore, surface charge can be con­
trolled by pH regulation. There must be a critical concentra­
tion of PDI's in solution for which establishment of equili­
9
brium between solid and solution does not result in a net
transfer of charge in either direction. An electrical double
layer will then be absent and the solid surface will show no
excess positive or negative charge. This situation at the
interface is referred to as the point of zero charge, or PZC.
The nature of a reversible interface and the changes that may
result in the double layer due to changes in the composition
of the solution phase will depend on the location of the PZC.
Quartz is negatively charged in water above about pH 2,
due to the unsymmetrical distribution of anions and cations
at the interface with the formation of the double layer. The
positive charge at low pH is explained by proton uptake by
(4)
surface OH groups or surface oxygen sites . Anions predom­
inate at the solid surface and cations form the other part of 
the double layer in the adjacent solution. The PDI1s for 
quartz, H+ and OH- , have a special function at the surface—  
they participate in the electrolytic reaction that establishes 
equilibrium at the interface. Adsorption of H+ and OH give 
rise to an electrical double layer on the quartz surface as
follows when quartz is crushed, -Si-O-Si- bonds are broken,
(3)




When quartz is immersed in water, H"*" ions react with negative 
oxygen sites and OH ions react with positive Si sites. The 
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The extent of dissociation is determined by the concentration
of H+ ion in solution. In aqueous environment, quartz should
be floatable with a cationic collector above the PZC, it
should be difficult to float around the PZC with any regular
collector, and it should float below the PZC with addition of
an anionic collector. Data has confirmed this. Quartz also
(1,2,7,10,15,23-25,27,28,35)
responds well to activation
The establishment of equilibrium between a solid hema­
tite surface and an aqueous solution may be viewed as a two- 
step process similar to that for quartz: Formation of a sur­
face hydroxide due to surface hydration, followed by dissoci­
ation of this hydroxide to yield a positively or negatively
(29,31)
charged surface depending on the pH of the solution 
The process may be expressed as follows:
0= (surf) + H20 ! ^  20H~
^2Fe+3(surf) + 2H9ofZ^ Fe(OH) 2 (surf) + 2H+
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Fe (OH) 2 (surf) + H2of=;Fe (OH) 3 (surf) + H + (soln)
Fe (OH) 3 (surf)±Z^Fe02 (surf) + H + (soln) + h 20 
In these reactions Fe(OH)3 (surf) represents the uncharged 
surface or rather a surface adsorption site which by adsorb­
ing a proton becomes Fe(OH)2 or by desorbing a proton becomes 
Fe02. By adding the two reactions we get
Fe (OH) 2 (surf ) 1— FeO^tsurf) + 2H+ .
The species Fe(OH)2 (soln) may also be produced, along with 
such hydrocomplexes as hydrated Fe+3 ion, Fe02, FeOH++, 
Fe2 (OH)2<S  and as Fe(OH)3. When equilibrium is established, 
the concentration of all these species will be fixed. The 
whole picture of the mechanism of charge origin on an Fe203
surface can be depicted as follows:
^ o h 2
Fe









A negative surface results from desorption of H+ ions or ads­
orption of OH- ions at the surface. This model also suggests 
why the metal ion (Fe+3) plays no active potential-determin­
ing role: it is buried under the surface. Only when the pro­
tective layer is stripped off at a very acid pH will the con­
centration of ferric ions in solution become appreciable.
The PZC, and hence the pH, would again be expected to control
flotation.
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Since hematite and alumina are similarly structured, the
surface behavior of alumina should also coincide closely with
(29)
that observed for hematite
COLLECTOR PROPERTIES-GENERAL
It may be asked why amphoteric surfactants were chosen 
to be studied as flotation collectors. The answer to this
must be the answer to: What makes a good flotation collector?
(37) (36)
Sutherland and Wark and Gaudin shed some light on this 
question. Collector molecules must consist, at least in part, 
of hydrocarbons or similar groups. The collector must be ad- 
sorbed and render the surface hydrophobic so that air bubbles 
will attach. But adsorption alone on a mineral does not mean 
a bubble will adhere. Hydrophobicity will not occur unless 
the non-polar hydrocarbon is of sufficient length. For the 
fatty acids the general rule is 12 carbons or more. But the 
nonionic, non-reactive character of a collector does not give 
it the means of becoming attached to a solid having an ionic, 
water-avid surface. The ionic portion of a collector must be 
sufficiently active to selectively adsorb and displace water 
from the surface. A collector must have ready dispersibility 
in water, as by ionization, and should be of moderate to low 
cost. Any change in the composition of an organic ion that is 
a collector, such as chain length increase, which causes a de­
crease in its solubility in water, will increase its effect­
iveness as a collector. The pKa value of a collector, or the 
pH value where ionic and molecular species are equal in num­
ber, should be low for anionic collectors and high for cation-
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ics. This insures that the collector is ionized over a wide 
pH range, and thus offers the opportunity for using pH varia­
tions to control adsorption. In the amphoteric collectors 
studied, the functional groups were carboxyls and amines.
The pKa values for these are
RCOO + H+±I=^RCOOH
(38)
PKa = 4.7 @ 25°C
r n h+ ± ^ : r n h2 + h+
(38)
t) 0) I
I 10.6 @ 25°C
It is believed that with both these groups in one molecule 
the pKa value for the amine group will be lower, rendering it 
weaker. But the carboxyl should be stronger, which is evident 
by noting that the isoelectric range, and hence the ionization, 
extends down near pH 2.
(36)
A summary of collection could be stated as follows :
[1] Minerals are made floatable by abstracting hydrocarbon 
groups from aqueous solution; [2] this removal does not take 
place unless the hydrocarbon groups are ionic or ionizable, 
or in some way can form a chemical bond with the mineral; [3] 
the coating of collector on the minerals is generally far less 
than a complete monolayer; [4] abstraction of the collector 
from solution is accompanied by equivalent emission from the 
mineral of previously adsorbed ions; [5] in the case of oxi- 
dizable minerals and agents oxygen plays a significant, yet 
still unclear, part in the collection mechanism; [6] the ab­
straction of the collector does not require that it be present 
in the system in sufficient quantity to saturate the solution; 
[7] the adsorbed collector is attached from the polar end-- 
whether the collector is vertically or horizontally oriented,
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it endows the surface with a hydrocarbon cover; and [8] the 
partition of collector between solution and mineral favors 
the mineral very greatly.
(13)
Adsorption can be subdivided into three catagories :
[1] chemisorption, [2] electrostatic adsorption, and [3] phy­
sical adsorption. Some of the aspects of these catagories 
will be discussed briefly:
[a] Specific Adsorption— The net effect of combined electro­
static interactions due to the electrical double layer, the 
chemical affinity of the collector for surface which may be 
manifested by covalent bonding, and the collector molecules
being "squeezed out" of solution by the tremendous affinity
(5,39)
of water for itself , will be termed specific adsorption
(29)
. Higher valence ions tend to be more specifically ad­
sorbed. Amines do not show a chemical affinity for alkaline 
earth and base metal oxide surfaces, so the electrical double 
layer would be very important. The opposite is true of the 
fatty acids.
[b] Hydrocarbon Chain Associations— Interaction starts at a 
critical concentration; below this value adsorption is prin­
cipally electrostatic and other ions compete for sites, where­
as above this concentration hydrocarbon chains associate and
(9)
the collector is strongly adsorbed . This type of associa­
tion has been explained by the hemi-micelle theory of Gaudin 
(5,30)
and Fuerstenau
[c] Concentration— Higher concentration of collector gives a
(9,15,21)
wider pH range of recovery , because when it is low
15
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most of the collector ions will be in the diffuse part of the 
double layer. The object in flotation is to get the ions to 
the Stern plane, and this can be done by increasing concen­
tration or surface charge. Higher concentration also reduces 
the effect of competing ions in solution and enhances hydro­
carbon chain interactions.
[d] Frothers— Froth stability has a great influence on flota-
(15)
tion rate . The action of frothers is to adsorb at the
gas/liquid interface and create a stable froth. The theory
has been presented that states there must be a frother-coll-
ector interaction for good adsorption and flotation to occur
(40)
. In this investigation using a collector that has a car­
boxyl group in it, the interaction will not occur since the
(41)
collector is the frother, and an effective one . There is 
the problem of froth control and froth breakdown, however, 
that could limit these collectors in their use. Another pro­
blem with collectors that are also frothers is that a sub­
stantial amount of collector may act as a frother, thus limit­
ing the collector that could be adsorbed.
[e] Orientation--Some researchers believe that adsorption oc-
(20)
curs in a vertically oriented monolayer , while others fa-
09)
vor the horizontal position . Energetically it would ap­
pear easier for the chain to take up a position close to the 
surface, since it is repellent to the aqueous phase and does 
not fit well into the hydrogen-bonded water structure. Ver­
tical orientation with a high degree of perturbation seems
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improbable. In a horizontal position the collector would 
displace water from the surface, render it hydrophobic, and 
would provide a solid basis for a good contact angle needed 
for flotation.
COLLECTOR PROPERTIES-AMPHOTERIC
Surface-active agents derive the bulk of their physical
and performance characteristics from their electrochemical
nature. The properties of amphoteric surfactants are to an
even greater extent dependent on electrochemical factors than
(42)
are surfactants in general . Not only does the ionic en­
vironment exert a marked force on the measurable properties, 
but pH actually determines the type of property (anionic, 
cationic, or both) to be manifested. Performance and electri­
cal properties cannot be separated. Performance properties 
are merely measurable manifestations of much more complex 
electrochemical forces.
There are two keys to the performance of an amphoteric 
surfactant: pH and chain length of the fatty portion. The pH 
of the formulation determines the solubility, viscosity, and 
ionic character. These two factors cause considerable over­
lapping of functionality and application.
The amphoteric collectors that can be synthesized at the 
present time may be classified according to their acidic func­
tional group or groups which they contain as follows:
[1] amino or imino carboxylic acids and their salts
[2] amino or imino sulfonic acids and their salts
[3] amino or imino acid sulfates and their salts
[4] amino or imino sulfhydryls and their salts.
The chemical composition of amphoteric collectors may be 
broadly represented as R - ^ R ^ , where R ± is a long alkyl 
chain with usually 8 to 18 carbon atoms, R2 is one or more 
alkyl, aryl, or cyclic chains usually of shorter length, X-̂  
is one or more cationic functional groups, and X2 is one or 
more anionic functional groups.
Theoretically, it is possible to place in the molecule 
of the amphoteric collector any of the existing types of 
anionic and cationic functional groups. Consequently the 
number of amphoteric collectors possible is virtually unlimit­
ed; in actual practice, however, it is restricted by the 
availability of suitable intermediates and by price.
The most common type available, and the type used in
this study, are those based on one or two carboxyl and an am-
/R2COOH
ine group: R^NHR2C00H and R-N
v r2C0C)H
The effect of the cationic group, NH2, a base, is accentuated 
most in acid media, and the carboxyl, COOH, an acid, in basic 
aqueous surroundings. The unshared electron pair on the ni­
trogen is capable of accepting a proton from acid solution 
by formation of a coordinate covalent bond. This proton im­
parts a positive charge to the molecule:
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H H
CH2--N: + H+ I +1 CH2*— N : H
H H
The reverse phenomenon occurs in alkaline solution. At some 
solution pH when just the right amount of acid or base is 
added, an isoelectric point will be reached where the basic 
and acid radicals of the amphoteric molecule balance each 
other and where the net charge on the collector is zero. At 
this point a "Zwitterion" is obtained: R]_NH2+R2COCr. This 
ion is both positive and negative at the same time. Such a 
condition is common to all amphoteric surfactants but may 
vary from very acidic to quite strongly basic. The isoelec­
tric point is dependent on the relative strength of the func­
tional radicals. When the isoelectric point is on the acid 
side this indicates that the net acid strength of the func­
tional group is greater than the basic strength. The ampho- 
terism may be represented as follows:
R1+NH2CH2CH2COOHfZI^R1+NH2CH2CH2COO“ ^Z ^ R 1NHCH2CH2COO_
In its isoelectric range the collector exhibits special 
behavior, viz., minimum solubility in water, minimum foaming, 
minimum wetting, etc. These special properties may be attri­
buted to the internally compensated, or self-neutralized, 
"Zwitterion" ring that theoretically forms in the isoelectric
The surfactants used in this investigation were made by 
General Mills with the trade name Deriphats. They are summa­




NAME CHEMICAL FORMULA ISOELECTRIC
NAME RANGE*








Deriphat 16 0C Partial Sodium RN




* 25% solids in 3.7% HC1
Note: It should be mentioned that Deriphats 151 and 154 are
mixtures of different hydrocarbon chains. Therefore when
-4making up the standard 10 M collector solutions the molecu­
lar weight based on the mixture had to be considered.
Deriphat 151 Cg-3%, C10-5%, C12-50%, C14~23%, C16-ll%, C18-8%
(coco)
Deriphat 154 C8-C12-^*^' C - ^ ^ - 2 . 5 % , C-^g-28%, C-^g-68%
(tallow)
Deriphat 160C C42-98-100%
These reagents have many interesting properties and uses





The minerals and collectors have been previously descri­
bed. The reagents used to prepare samples, clean the appara­
tus used, and adjust pH, namely HCL and NaOH, were of stan­
dard reagent grade. In the flotation study, using a combina­
tion of amphoteric and standard anionic or cationic collectors, 
pure dodecylamine hydrochloride and sodium dodecyl sulfate
— O(Sargent) solutions of 10 M were prepared. No frother was 
employed in any of the microflotation tests. In the larger 
scale bench flotation tests pine oil was used as a frother. 
Distilled, deionized water was used at all times.
X-RAY DIFFRACTION
A North American Phillips X-Ray Diffractometer was uti­
lized to yield an accurate analysis of the minerals. Samples 
of -325 mesh size were put into powder sample holders, and 
then placed on the machine. Machine settings were as follows: 
Scanning Speed: 1 degree 2© per minute 
Divergence and Scatter Slits: 1 degree 
Receiving Slit: 0.006 inch 
Tube: Copper x-ray 
Filter: Nickel 
Voltage: 40 kilovolts 
Amperage: 15 milliamps
Graphical patterns were taken off at the end of the run, 
read, and interpreted.
ELECTROPHORETIC MOBILITY
A Zeta-Meter was used to measure the surface charge on 
the minerals in deionized water and in the amphoteric surfac­
tant solutions. Preparation of the samples was described be­
fore. One day before the measurements were taken, the pow­
dered minerals were placed in the particular media to build 
up a double layer on the particles.
To a clean beaker containing the suspending fluid, either 
water or 2 X 10  ̂M collector solutions, HC1 or NaOH was add­
ed to obtain the desired initial pH. To this a few drops of 
a fine suspension of the mineral in water or 2 X 10“  ̂ M sur­
factant solution was put into the beaker and stirred. This 
suspension was placed in the Riddick Plexiglas Cell and mea­
surements were taken at 100 volts DC. The final pH of the 
suspension was recorded. Data collected included initial pH, 
direction of particle travel, elapsed time for one distinct 
particle to traverse one full division or a fraction thereof 
across the calibrated eyepiece, and the final pH. From this
information the PZC could be located. More detailed operat-
(44)
ing instructions for the Zeta-Meter are available
After each measurement the cell was cleaned with dilute 
HC1 and deionized water, and dried prior to the next test at 
the next pH. The average travel time determined the electro­
phoretic mobility, and the PZC was then found by making a 
graphical plot of the electrophoretic mobility vs. pH.
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There was some question as to whether or not a different 
PZC would be found for particles that were not left in solu­
tion for one day aging time. Hence a separate set of measure­
ments were taken for particles placed in suspension immediate­
ly before measurement. No difference was found in PZC values. 
MICRO-FLOTATION
The apparatus used in this investigation was identical
(45)
to that described by Fuerstenau , except that Ascarite and 
a manometer were not utilized. The experimental procedure in­
volved the following:
[1] The amount of mineral to be floated, either two or three 
grams, was weighed out.
[2] The 50 ml inverted burette was filled with nitrogen.
_ O[3] 20 ml of 10 M collector solution was added to 80 ml of
-4pure water, yielding a concentration of 2 X 10 M; for com­
binations of collectors 10 ml of each was used.
[4] Collector solution and mineral were added to the cell.
[5] Magnetic stirrer was turned on, and the suspension was 
conditioned for three minutes.
[6] The pH was adjusted to the flotation pH with HC1 or NaOH.
[7] 50 ml of nitrogen was passed through the porous bottom of 
the flotation cell at an average rate of 200ml/min, and the 
froth was collected in 50 ml beakers.
[8] The final pH was measured, and the contents of the cell 
were emptied into a beaker.
[9] The concentrate and tails were observed, dried, and sub­
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sequently weighed to determine recovery.
The pH range tested was usually from 2.0 to 11.0 in in­
crements of one pH unit. For floats of more than one mineral, 
a weight of three grams for three minerals or two grams for 
two minerals was used. Concentrates were dried and then ana­
lyzed for constituent percentage on an atomic absorption 
spectrophotometer.
For each series of tests (one mineral collected over the 
pH range) fresh collector solution was prepared. Tempera­
ture variation could affect flotation, so the temperature in 
the area each day was noted; it was fairly constant at 
23 + 0.5°C.
BENCH SCALE TESTS
A Denver laboratory flotation machine was used for all 
the experiments. A limited number of floats were conducted 
merely to see what the larger volume did to recovery.
A 250 gram sample of the mineral was charged to the cell 
and made up to 12% solids. Collector was added to a concentra­
tion of 1.0 lb/ton, and the pH was adjusted to the desired 
value. The pulp was then conditioned for five minutes at 
1600 rpm. A drop of pine oil was added in some tests, while 
in others the collector acted as the frother. The air was 
then turned on and the mineral was collected, dried, and 




Results of the micro-flotation tests using single ampho­
teric collectors and single pure minerals are in Figures 1,
2, and 3, and tabulated in Table V. To become familiar with 
the equipment and micro-flotation procedure, and to set some 
guidelines for reagent additions, it was necessary to run 
several initial experiments. This helped to insure accurate 
and reproducible results.
In Figure 4 and Table VI is presented the results of the 
flotation tests on quartz using a combination of amphoteric 
surfactants and conventional collectors.
SELECTIVE FLOTATION
Utilizing the data from the Flotation Recovery vs. pH 
curves, float tests to investigate selectivity of the ampho­
teric surfactants were run. Recovery was determined at pH 
values where one mineral should have floated preferentially 
to one or two others in the same system. Data obtained is 
set forth in Table VII, including ideal and actual recovery. 
Tests conducted were as follows:
[1] Float alumina from hematite and quartz at pH 2 using Deri- 
phat 151; raise pH to 7 and float the hematite.
[2] Float alumina from hematite at pH 2 using Deriphat 151.
[3] Float alumina from quartz at pH 2 using Deriphat 151.
[4] Float hematite from quartz at pH 7 using Deriphat 151.
[5] Float alumina from quartz at pH 2 using Deriphat 154.
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[6] Float hematite from quartz at pH 7 using Deriphat 154.
[7] Float hematite from alumina at pH 8.5 using Deriphat 154.
[8] Float alumina from quartz at pH 2 using Deriphat 160C.
[9] Float alumina from hematite at pH 2 using Deriphat 16OC.
[10] Float hematite from quartz at pH 5 using Deriphat 160C.
BENCH SCALE FLOTATION
These flotation tests were conducted simply to observe 
the differences between response to amphoteric surfactants on 
large and small scale. The results are certainly not conclu­
sive or very valuable at this stage, but they do offer some 
insight into what occurs as flotation dimensions are scaled 
up. Table VIII contains this data.
ELECTROPHORETIC MOBILITY
Graphical representations of the results of the electro­
phoretic mobility measurements of the pure minerals in water 
and in 2 X 10-  ̂M amphoteric collector solutions are shown in 
Figures 5, 6, 7, and 8. This data is indispensible to an 
























PERCENTD-151 qtz 3 1.95 1.88 0.313 10.5D-151 qtz 3 2.40 2.40 0.981 32.8D-151 qtz 3 3.00 3.03 2.625 87.6D-151 qtz 3 3.50 3.50 2.456 82.0
D-151 qtz 3 3.95 4.08 2.564 85.5
D-151 qtz 3 4.50 4.70 2.802 93.6D-151 qtz 3 5.00 5.50 2.763 92.3D-151 qtz 3 5.50 5.75 2.229 74.3D-151 qtz 3 5.90 5.95 1.680 56.0D-151 qtz 3 6.50 6.58 1.426 47.5D-151 qtz 3 6.95 6.60 1.200 40.0D-151 qtz 3 8.00 7.70 1.028 34.2
D-151 qtz 3 8.50 8.20 0.551 18.3
D-151 qtz 3 10.00 10.00 0.302 10.1
D-154 qtz 3 2.03 2.08 0,408 13.6
D-15 4 qtz 3 2.60 2.60 1.208 40.2
D-154 qtz 3 2.25 2.30 0.864 28.8D-15 4 qtz 3 3.00 3.05 1.482 49.4
D-154 qtz 3 3.50 3.60 2.412 80.4
D-154 qtz 3 4.20 4.20 2.571 85.7
D-154 qtz 3 5.20 5.40 1.513 50.4
D-154 qtz 3 6.10 6.20 0.654 21.8
D-154 qtz 3 7.10 6.90 0.540 18.0
D-154 qtz 3 8.20 8.00 0.210 7.0
D-154 qtz 3 9.00 9.00 0.254 8.5
D-154 qtz 3 10.00 10.00 0.258 8.6
D-160C qtz 3 1.80 1.80 0.000 0.0
D-160C qtz 3 2.75 2.80 0.995 33.1
D-160C qtz 3 3.85 3.90 2.164 72.1
D-160C qtz 3 5.00 5.10 0.308 10.3
D-160C qtz 3 6.50 6.35 0.071 2.4
D-160C qtz 3 7.20 6.60 0.153 5.1
D-160C qtz 3 7.95 7.75 0.187 6.2
D-160C qtz 3 9.00 9.00 0.229 7.6
D-151 hem 3 2.08 2.08 0.687 22.9
D-151 hem 3 2.75 2.77 0.927 30.9
D-151 hem 3 3.95 4.00 1.335 44.5
D-151 hem 3 5.05 5.20 2.469 82.3
D-151 hem 3 6.15 6.15 2.367 78.9
D-151 hem 3 7.20 6.80 2.431 81.0
D-151 hem 3 8.00 7.00 1.986 66.2
D-151 hem 3 10.33 10.30 1.945 64.8
D-151 hem 3 11.00 11.00 0.789 26.3
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TABLE V (continued)
COLLECTOR MINERAL WEIGHT, P«i pH FLOATED, RECOVERY,GRAMS GRAMS PERCENTD-154 hem 3 2.10 2.10 1.311 43.7
D-154 hem 3 2.90 2.92 0.891 29.7D-154 hem 3 4.05 4.10 0.825 27.5D-154 hem 3 5.00 5.05 1.736 57.9D-154 hem 3 6.07 6.20 2.207 73.6D-154 hem 3 7.20 7.20 2.074 69.1D-154 hem 3 8.35 8.20 2.013 67.1D-154 hem 3 9.75 9.65 1.342 44.7
D-160C hem 3 2.05 2.10 0.233 7.8
D-160C hem 3 3.00 3.03 1.595 53.1
D-160C hem 3 4.30 4.30 2.232 74.4
D-160C hem 3 5.30 5.35 2.051 68.4
D-160C hem 3 6.25 6.25 1.749 58.3
D-160C hem 3 7.35 7.10 0.942 31.4
D-160C hem 3 8.55 8.55 0.201 6.7
D-160C hem 3 10.00 10.00 0.208 6.9
D-151 alu 3 2.05 2.10 2.346 78.2
D-151 alu 3 2.90 2.95 2.482 82.7
D-151 alu 3 4.00 4.60 2.337 77.9
D-151 alu 3 5.00 5.10 2.592 86.4
D-151 alu 3 6.40 6.67 2.130 71.0
D-151 alu 3 7.85 8.00 1.784 59.5
D-151 alu 3 9.40 9.20 1.226 40.9
D-151 alu 3 10.80 10.80 0.430 14.3
D-154 alu 3 2.03 2.03 2.054 68.5
D-154 alu 3 3.07 3.15 2.014 67.1
D-154 alu 3 4.10 4.36 1.971 65.7
D-154 alu 3 5.30 5.70 1.928 64.3
D-154 alu 3 6.20 6.30 2.347 78.2
D-154 alu 3 7.00 7.20 2.223 74.1
D-154 alu 3 8.50 8.50 1.129 37.6
D-154 alu 3 10.00 10.00 0.681 22.7
D-160C alu 3 2.25 2.30 2.019 67.3
D-160C alu 3 3.00 3.00 2.586 86.2
D-160C alu 3 4.00 4.10 2.446 81.5
D-160C alu 3 4.90 4.92 2.002 66.7
D-160C alu 3 6.20 6.50 1.868 62.3
D-160C alu 3 7.22 7.40 1.815 60.5
D-160C alu 3 8.60 8.70 1.802 60.1
D-160C alu 3 10.00 9.80 0.791 26.4
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FIGURE 4 
QUARTZ
FLOTATION RECOVERY VS. pH
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PERCENTD-151 + NaDS04 3 1.50 1.42 0.084 2.83 3.00 2.91 0.361 12.03 6.20 6.10 0.232 7.73 10.00 9.80 0.344 11.4
D-151 + DDAHC1 3 1.50 1.50 0.174 5.73 2.97 2.95 0.250 8.33 5.85 5.63 2.817 93.9
3 10.00 10.00 2.952 98.4
D-154 + NaDS04 3 1.52 1.52 0.000 0.0
3 3.16 3.12 0.024 0.8
3 6.00 6.03 0.030 1.0
3 10.00 10.00 0.015 0.5
D-154 + DDAHC1 3 1.50 1.00 0.308 10.3I 3 3.10 3.20 2.699 89.9
3 6.50 6.40 2.776 92.5
3 10.00 10.00 2.903 96.8
D-160C + DDAHC1 3 1.50 1.50 0.000 0.0I 3 3.08 3.02 1.538 51.3I 3 5.80 5.70 2.934 97.8I 3 10.05 9.92 2.622 87.4





TEST COLL. MINE- WT, G pH. pH WEIGHT FLOATED,G










1 — 78 23 — 12.6 21.4 34.0
2 — 66 82 -- 16.0 3.5 19.5
3 — 78 23 — 17.9 34.6 52.5
4 10 78 — 10.6 21.6 — 32.2
5 40 — 81 26.6 — 26.6 53.2
6 13 68 -- 16.2 23.3 — 39.5
7 18 — 70 12.3 — 16.2 28.5
8 -- 38 67 — 12.2 16.7 28.9
9 0 67 — 1.4 4.0 — 5.4
10 — 67 7 — 9.6 24.6 34.2
11 10 — 70 21.0 — 36.4 57.4
Si = Quartz Al = Alumina Fe = Hematite
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TABLE VIII
Bench Scale Flotation (Quartz)
TEST 1 TEST 2 TEST 3 TEST 4 TEST 5
Weight 250 g 250 g 250 g 250 g 250 g
Collector D-151 D-151 D-154 D-160C D-160C
% Solids 12 12 12 12 12
PH 3 5 5 3 5
Collector
Concentration l#/ton .5#/ton l#/ton l#/ton .5#/ton
Conditioning
Time 5 min 4 min 5 min 5 min 5 min
Flotation
Time 10 min 5 min 6.5 min 12.5 min 7 min
Frother Pine Oil none none Pine Oil none
Machine
Speed 1600 rpm 1600 rpm 1600 rpm 1650 rpm 1600 rpm
Weight
Floated 76.8 g 240.2 g 249.3 g 211.7 g 176.1 g
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ELECTROPHORETIC MOBILITY VS. pH 
QUARTZ




ELECTROPHORETIC MOBILITY VS. pH 
ALUMINA






ELECTROPHORETIC MOBILITY VS. pH 
HEMATITE




This series of experiments yielded some surprising and 
interesting results. As can be seen from the graphs of re­
covery and flotation pH, there are appreciable differences 
between the floatabilities of the minerals in aqueous ampho­
teric surfactant media. These differences generally are par­
ticularly striking in the pH range outside the approximate 
isoelectric range of the collector. Peak flotation response 
occurs near or in the isoelectric range, and always below pH 
7. The isoelectric range of these collectors is below pH 5, 
and this in conjunction with the pK values of these function-
a.
al groups, indicates that the basic group is slightly stronger 
than the acidic group. This fact combined with the electro- 
kinetic behavior of these minerals in collector solutions ap­
pears to be concretely correlated with the observed peak re­
covery near the isoelectric range.
Quartz is known to be a poorly-floated mineral near its
PZC in water. The quartz sample employed in these tests had
a PZC of 2.4 in water, and a PZC of 4.4, 3.8, and 3.5 in 2 X 
-410 M solutions of Deriphats 151, 154, and 160C respectively. 
Results indicate that quartz floated best in the range pH 4.6- 
5.2 using Deriphat 151, in the range pH 3.5-4.2 using Deriphat 
154, and in the range pH 3.5-4.2 using Deriphat 160C. Above 
pH 7, where quartz floats well with conventional cationic col­
lectors, or anionic collectors with multivalent metal cation 
activation, recovery was very poor. Collector ability to
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float quartz seemed to be in the order Deriphat 151 > Deriphat 
154 > Deriphat 160C.
Alumina had a PZC of 9.0 in water; in Deriphats 151, 154, 
and 160C alumina had PZC's of 4.2, 3.7, and 3.4 respectively. 
Maximum recovery was obtained in the range pH 2.1-5.0 when 
Deriphat 151 was used, in the range pH 2.0-7.0 using Deriphat 
154, and in the range pH 2.3-5.0 when the collector was Deri­
phat 160C. Alumina floats well with an anionic collector be­
low pH 9 and with a cationic collector above pH 9. Using am­
photeric surfactants, there was not a significant decrease in 
recovery until a flotation pH of 9 was reached.
Hematite has a rather neutral PZC in water at pH 6.7, and 
usually shows a flotation behavior similar to that of alumina. 
But as seen with both quartz and alumina in amphoteric systems, 
hematite floats best near its PZC in amphoteric collector sol­
ution. PZC values of 4.2, 3.8, and 3.2 were found for hema­
tite in 2 X 10-  ̂ M solutions of Deriphats 151, 154, and 160C 
respectively. Maximum flotation response using Deriphat 151 
was from pH 4.9-7.0, from pH 6.0-7.0 using Deriphat 154, and 
from pH 4.3-5.3 using Deriphat 160C. Above pH 9 flotation 
was generally very poor. Reasons for poor recovery in the 
higher pH range will be detailed later for all the minerals 
and collectors. For both alumina and hematite, collector abi­
lity to float these minerals seemed to be in the order Deri­
phat 151 > Deriphat 160C > Deriphat 154. This ordering is 
based on the interpretation of the recovery curves.
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The recovery curves obtained were generally very smooth 
(some points had to be confirmed by rerunning identical tests), 
which seems to indicate that the technique of collecting data 
points was reliable and accurate. Deriphat 160C seemed to be 
a weaker collector than the other two, in general, and this 
can probably be attributed to the fact that only one of the 
carboxyl groups in di-carboxylic Deriphats can form the in­
soluble "Zwitterion", whereas the other collectors can theo­
retically be completely "Zwitterionic" in the isoelectric
(43)
range
Initially tests were conducted with a collector concen­
tration of 10"4 M, and although these tests provided adequate 
data, the froth was insufficient. For this reason it was de­
cided to use double this concentration, or 2 X 10-4 M. All 
the amphoteric collectors were very good frothers and yielded 
a stable froth at any concentration, but a more voluminous 
froth resulted with a concentration of 2 X 10~4 M.
The character of the froth was one of the most striking 
phenomena encountered. If a good frother such as amyl alco­
hol was used in the tests, it seemed to offer too much compe­
tition to the collector; hence no froth would form and nothing 
would float. The froth produced with amphoteric surfactants 
alone would present a problem of major proportions if these 
were ever employed in industrial flotation operations, since 
the froth is so tough and long-lasting that it can be broken 
down only by drying. It was observed that better froth was
ironTiMA Bosa am
produced in all the tests at higher pH values, and this can
be attributed to the carboxyl group which is ionized in this
(41)
range. Carboxylics are powerful frothers , which makes it 
difficult to control frothing independently of collector ac­
tion. In the isoelectric range where frothing power is at a 
minimum, a decrease in froth was not observed.
There existed some question as to whether or not micelles 
were present in the flotation systems. Micelles tend to be
hydrophilic, so that collector ions are not available for ad- 
(13)
sorption ; hence recovery drops. Surfactants form micelles 
above their critical micelle concentration (CMC). A study was 
proposed in which the CMC of the amphoteric surfactants would 
be determined. But a search of the literature rendered this 
unnecessary. The CMC of N-dodecyl-beta-aminopropionic acid 
in 0.1 M NaCl solution lies at 0.3-3.5 X 10  ̂ M in the range 
pH 2.3-11.0, and the CMC values of N-dodecyl-beta-iminopro-
pionic acid in 0.1 M NaCl solution were found to be 0.7-1.8 X
-3 (46)10 M in the range pH 4.8-11.0 . These amphoteric sur­
factants are almost identical to the Deriphats used in this 
investigation. This information, plus the fact that in solu­
tions containing added inorganic salts whose ions are counter
(38)
ions for the micelles, such as NaCl, the CMC is lowered , 
almost insures that at the concentration used, 2 X 10-4 M, 
micelles were not present.
As is evident from a look at the recovery curves, coll­
ection is generally very poor above pH 8-9. Some reasons for
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this may be: [1] the collectors which operate in this range 
may be weakly attached, and violent agitation in the flota­
tion cell by the stirring bar may cause a severance of this 
attachment; [2] at high pH values, hydroxides formed by the
hydration of the oxide may coat the mineral particles and pre-
(13)
vent adsorption of the collector ; [3] micelles tend to form
at lower concentrations than normally required, provided the
(13)
solution is very alkaline ; [4] at high pH values there is
a more voluminous froth, which means that some of the collec­
tor that would normally be adsorbed on the mineral is acting 
as a frother.
The two conventional collectors used in the combination 
tests, sodium dodecyl sulfate and dodecylamine hydrochloride, 
acted as expected. Collection with the cationic collector, 
DDAHC1, was tremendous above the PZC value of quartz. With 
NaDSC>4 , an anionic collector, there was little froth and very 
poor flotation, even below the PZC. Tests with this combina­
tion were discontinued. The effect of the amphoteric collec­
tors was hardly noticed; both collectors appeared to mask the 
action of the amphoterics and act as normal anionic or cation­
ic collectors. The reason this happens probably lies in an 
interaction between the two types of collectors. If an anion­
ic collector is put into solution with an amphoteric surfac­
tant that can ionize to two different polarities, electrosta­
tic attraction between the negative end of the anionic collec­
tor molecule and the positive end of the amphoteric molecule 
is likely to result. This would leave in solution the 
negative end of the amphoteric molecule, which would act as
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the original anionic collector would have acted. The oppo­
site would probably hold for a cationic collector added to
an amphoteric surfactant system. Research has shown that
( 40)
molecules do interact like this , sometimes even giving 
a very noticeable precipitate.
Results from the selective flotations were unexpected 
and did not conform with the floatability curves. In tests 
of this nature there is always the chance of one mineral ac­
tivating another. A glass float cell was used, which has less 
tendency to provide activation than a metallic cell. And 
since iron would be the most likely offender in the systems, 
an iron depressant solution was prepared to be used if nece­
ssary. But tests were attempted without depressant to see if 
the iron would activate either of the other minerals. It did 
not, as the results indicate, and recovery was so poor anyway 
that the depressant was not used. The initial selectivity 
float had all three minerals in the system, and after the 
first float the pH was raised and a second product was collec­
ted. All the other tests had only two minerals present. All 
results were poor, which points out the need for much more 
data on amphoteric collector selectivity.
All the systems used consisted of collector plus pure 
mineral, which is not encountered in commercial flotation. If 
these surfactants are ever applied to industrial flotation, 
they will be required to preferentially float one mineral from 
several others; therefore the key to success is selectivity in
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bulk systems. Much of the further study must be channeled in 
this direction.
Along this same line, bench scale flotation response was 
very encouraging. Recovery was usually very high, the froth 
was tenacious and loaded with mineral, and most of the flota­
tion occurred within one minute after the air was introduced. 
Pine oil seemed to destroy the collector-mineral attachment 
in one case but did not in another. Natural pH and starva­
tion amounts of collector worked best. One test was tried 
above pH 9 to observe whether or not recovery dropped off as 
in the micro-flotation tests; only 30% recovery resulted. 
Selectivity floats were not conducted at this level.
Amphoteric surfactants can, by careful pH control, be 
made to simulate the properties of anionic, cationic, and 
nonionic collectors. Such conditions are impossible to attain 
otherwise, even by the employment of mixtures of collectors, 
as these are normally incompatible. Furthermore, the activity 
cannot be transferred from one functional group to another or 
reversed; major cost is also involved. Amphoteric collector 
flexibility is the reason these surfactants could be extreme­




From the electrophoretic mobility measurements and flo­
tation results, it is proposed that the mechanism of adsorp­
tion and flotation in this study is directly related to the 
electrokinetic behavior of the minerals in amphoteric surfac­
tant solution. To support this several points must be empha­
tically made clear. The collector must be adsorbed before 
flotation will occur. These collectors are surfactants, which 
by definition means that they are surface active. Surface ac­
tive behavior of a collector may be explained by the combined 
effects of electrostatic interaction, chemical affinity of the
collector for the surface atoms, and hydrocarbon chain "squeez-
(29)
ing-out" associations . An electrical double layer pheno­
menon would be the usual answer as to why a mineral had coll­
ector adsorbed on it and was eventually floated. But in this 
case the minerals had an anhydrous surface fresh from the 
grinding operation, consisting of approximately equal numbers
of positive and negative sites. This idea is supported by the 
(3,21,29,30,31)
literature . The minerals were added directly
to the flotation collector solutions and had no time to build 
up an electrical double layer with water.
The pH of the water used was 6.8, and the pH of 2 X 10”^
M solutions of the amphoteric surfactants utilized were: Deri- 
phat 151-pH 7.0; Deriphat 154-pH 8.5; Deriphat 160C-pH 6.6. 
These values are indicative that the collectors were in a 
predominantly anionic form, but still with plenty of cations
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present. When contact was made with the mineral surface that 
had many positive and negative sites, the collector adsorbed. 
Supporting evidence for this strong adsorption is the immediate 
change in mineral PZC's, which held for at least one day. 
Flotation occurred directly after addition of mineral and col­
lector and conditioning, so this one day aging time matters 
only to the electrophoretic mobility data. Nothing in the 
system could have caused the PZC's to shift to a constant val­
ue for each collector except adsorption of that collector. If 
a mineral in surfactant solution indicates a positive or nega­
tive surface, it most likely is due to collector adsorption 
1
on the surface .
Complete collector coverage on a mineral surface is not
(18,20,36,37,39)
a necessary prerequisite for good collection
Just as a mineral surface is not completely covered with posi­
tive or negative sites, so an amphoteric collector, though 
primarily anionic, will still have many positive ions avail­
able for adsorption to the negative sites of a fresh, anhy­
drous surface. If the pH of the solution is then lowered,
more cations will become available until the "Zwitterion"
(43)
ring is formed in the isoelectric range. Thus it seems 
apparent that by changing pH the ionic character of an adsorb­
ed amphoteric surfactant may be regulated. At lower pH values 
a positive adsorbed surface will form.
I
The presence of a positive charge on a solid should not be 
regarded as evidence that it has adsorbed only positive ions, 
but rather that it has adsorbed more positive ions than nega­
tive ions (37).
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To reiterate, as soon as collector and mineral are in 
contact, the collector adsorbs. While the pH of the solution 
remains in the isoelectric range, the net charge on the mole­
cule is essentially zero; but the individual charges may be 
very high. Therefore in contact with charged mineral surfaces, 
there is a tendency for the collector to equalize charges by 
redistribution. So the adsorption of amphoteric surfactants 
in the isoelectric range can be very great, which will pro­
bably result in excellent flotation and recovery of mineral. 
Also in this range there are two functional groups available 
for strong attachment; the amine part of the molecule should 
have an electrostatic affinity for the negative oxygen site 
of the oxide, and the oxygen of the carboxyl should have a 
chemical affinity for the mineral surface cations. The iso­
electric range is the range of minimum solubility, and as 
these collectors approach this range they would naturally at­
tempt to remove themselves from the solution by any means pos­
sible. One method may be attachment to a mineral surface, 
which may result in flotation of the mineral. All these ex­
planations contribute to the fact that peak flotation recovery 
occurs in or very near the isoelectric range of the collectors. 
And it must be remembered that while all the collector-mineral 
attachments are achieved and held, the hydrocarbon chain of 
the collector is extended out into the solution to pick up a 
bubble when one is introduced to the system.
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CONCLUSIONS
[1] Quartz, alumina, and hematite respond well to flotation 
with the amphoteric surfactants Deriphat 151, Deriphat 154, 
and Deriphat 16OC.
[2] The amphoteric surfactants also act as suitable frothers.
[3] The electrokinetic behavior of the minerals in collector 
solutions, marked by an immediate shift of the mineral PZC's, 
determined the floatability areas in the approximate range 
pH 2-11.
[4] All minerals investigated floated best in the vicinity of 
the isoelectric range of the collector used, and worst above 
pH 8-9.
[5] Other collectors combined with the amphoteric collectors 
seem to act as they normally would in conventional systems.
[6] The amphoteric surfactants showed little selectivity in 
the flotation of mineral mixtures.
[7] Flotation of individual minerals on a larger scale than 
micro-flotation yields excellent recovery results.
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RECOMMENDATIONS FOR FUTURE RESEARCH
The following areas are suggested as needing further in­
vestigation:
[1] Selective flotation experiments should be attempted on a 
larger scale.
[2] More combinations of collectors with amphoteric surfact­
ants, collecting power on a larger assortment of mineral var­
ieties, and molecular interactions of collectors should be 
studied.
[3] Flotation response of many minerals to many amphoteric 
surfactants should be tested.
[4] Infrared studies of the type of adsorption involved with 
these collectors would provide a solid basis for explanation 
of flotation behavior.
[5] A collector concentration vs pH diagram would indicate the 
most favorable bubble-attachment regions.
[6] Froth character should be examined in light of future uses.
[7] It would be helpful to know how recovery varies with mine­
ral particle size.
[8] More work should be directed to electrokinetic behavior 
of minerals in amphoteric surfactants.
[9] Determination of contact angles would furnish much vital 
data.
[10] If the minerals were stored under water until floated, 
results would surely be different and should further confirm 
or successfully refute the proposed mechanism.
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